Non-dispersive Fermi arcs and absence of charge ordering in the pseudogap phase of 

Bi 2 Sr 2 CaCu20 8+( 5 



U. Chatterjee, 1 ' 2 M. Shi, 1 ' 3 A. Kaminski, 4 A. Kanigel, 1 H. M. Fretwell, 4 K. 
Terashima, 5 T. Takahashi, 5 S. Rosenkranz, 2 Z. Z. Li, 6 H. Raffy, 6 A. Santander-Syro, 6 
K. Kadowaki, 7 M. R. Norman, 2 M. Randeria, 8 and J. C. Campuzano 1 ' 2 
(1) Department of Physics, 
University of Illinois at Chicago, Chicago, IL 60607 
(2) Materials Science Division, 
Argonne National Laboratory, Argonne, IL 60439 
(3) Swiss Light Source, Paul Scherrer Institut, 
CH-5232 Villigen, Switzerland 
(4) Ames Laboratory and Department of Physics and Astronomy, 
Iowa State University, Ames, I A 50011 
(5) Department of Physics, 
Tohoku University, 980-8578 Sendai, Japan 
(6) Laboratorie de Physique des Solides, 
Universite Paris-Sud, 91405 Or say Cedex, France 
(7) Institute of Materials Science, 
University of Tsukuba, Ibaraki 305-3573, Japan 
(8) Department of Physics, 
Ohio State University, Columbus, OH 43210 

(Dated: February 2, 2008) 

The autocorrelation of angle resolved photoemission data from the high temperature superconduc- 
tor Bi2Sr2CaCu2 08+<5 shows distinct peaks in momentum space which disperse with binding energy 
in the superconducting state, but not in the pseudogap phase. Although it is tempting to attribute 
a non-dispersive behavior in momentum space to some ordering phenomenon, a de-construction of 
the autocorrelation reveals that the non-dispersive peaks arise not from ordering, but rather from 
the tips of the Fermi arcs, which themselves do not change with binding energy. 

PACS numbers: 74.25. Jb, 74.72. Hs, 79.60.Bm 



A central issue in condensed matter physics is the com- 
petition between different order parameters. This com- 
petition is most evident in the transition metal oxides, 
which show a rich variety of insulating, conducting, mag- 
netic and superconducting phases. In the case of the high 
temperature cuprate superconductors, the situation is 
particularly interesting, with a much debated pseudogap 
phase lying between the insulating state at zero doping 
and the d-wave superconducting state. Recent Fourier 
transform scanning tunneling spectroscopy (FT-STS) ex- 
periments on Bi2Sr2CaCu208+5 have been interpreted Q 
in terms of local charge ordering in the pseudogap phase. 
Here, using an autocorrelation analysis of angle resolved 
photoemission spectroscopy (ARPES) data, we demon- 
strate that the vectors observed in FT-STS originate from 
the high density of states at the tips of the dispersionless 
Fermi arcs, and not from charge ordering. 

The samples employed in this work are single crys- 
tals and thin film samples of Bi2Sr2CaCu208+5 grown 
using the floating zone method and RF sputtering tech- 
nique, respectively. The samples were mounted with the 
Cu-0 bond direction parallel to the photon polarization, 
and cleaved in situ at pressures below our measurement 
limit of 2xl0 -11 Torr. The incident photons were not 
aligned along a mirror plane to avoid strong selection 



rules. Measurements were carried out at the Synchrotron 
Radiation Center in Madison, Wisconsin, on the Ul un- 
dulator beamline, at 2 meV intervals, using a Scienta 
SES 2002 electron analyzer. A momentum resolution of 
0.0036 A' 1 was used for the thin films, and 0.01 A' 1 
for the single crystals, both with a photon energy of 22 
eV, with data covering up to four times the irreducible 
zone in reciprocal space. Both values of the momentum 
resolution, at least along the detector cut, are compara- 
ble to or better than that obtained by FT-STS, which 
for the largest field of view studied is about 0.01 A -1 . 
It should be noted that the resolution values quoted are 
along the momentum multiplexing direction of the detec- 
tor, but these detectors have worse momentum resolution 
along the perpendicular direction (~ 0.02A -1 ). Finally, 
the spectra were normalized at high binding energies to 
eliminate the effect of the dipole matrix element on the 
intensities. 

When producing the 2D autocorrelation maps, we took 
into account the fact that the data are taken over a fi- 
nite range of momenta, since the number of data points 
in the autocorrelation sum contributing to a given vec- 
tor q decreases with increasing q. We deal with this in 
two different ways. The first method is to normalize the 
autocorrelation function by the number of points used 
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in the sum. The second method is to impose periodic 
boundary conditions, although we do not display these 
here. Another aspect of the data from the single crystals 
is the presence of photoelectron diffraction images (su- 
perlattice signal) that gives rise to ghost features in both 
the intensity maps and their autocorrelations. For these 
samples, we solve this problem by using only data in the 
Y quadrant, where the superlattice contribution is well 
separated from the main state, and reconstruct the whole 
Brillouin zone by reflections, which require interpolation 
of the data to a uniform grid. The large background 
emission in ARPES reduces the contrast in the autocor- 
relation maps. We deal with this by simply zeroing out 
the intensity once it falls below a given threshold value, 
which we take to be 20% for the superconducting phase 
and 38% for the pseudogap phase, but we emphasize that 
this procedure does not change the results. 

In Fig. la and b, we show the ARPES intensity maps, 
/(k, cj), as a function of the momentum k in the first 
zone, for two different choices of the binding energy uo. 
These data are obtained for an optimally doped sin- 
gle crystal sample (T c = 90 K) in the superconduct- 
ing state (T = 40 K). The characteristic banana shapes 
of the constant energy contours due to the d-wave en- 
ergy gap can be clearly seen, with the size of the ba- 
nanas increasing with increasing binding energy. In 
the right panels c and d, we plot the autocorrelation 
C(q,o;) = Ek -4(k+q,^)A(k,cj) of the ARPES inten- 
sities, i.e., the product of intensities at two different mo- 
menta at fixed energy, separated by a momentum transfer 
q, summed over the Brillouin zone. 

As we shall show in the remainder of this paper, 
the autocorrelation, which is effectively the momentum- 
resolved joint density of states, permits us to gain im- 
portant new insights. C(q, uo) clearly exhibits discrete 
spots in q-space, very similar to peaks seen in FT-STS 
experiments |2|. We note that the ARPES autocorre- 
lation does not require any theoretical modeling for its 
interpretation, and the observed q-space pattern can be 
directly interpreted from the measured ARPES intensity 
/(k, uo). By restricting the autocorrelations over specific 
regions of the intensity maps (as we shall show), we can 
unambiguously determine the origin of those spots. 

This analysis reveals that the spots in the autocorrela- 
tions, Fig. lc (and d), originate from the corresponding 
q vectors spanning the high intensity points of Fig. la 
(and b respectively). In other words, the autocorrela- 
tion highlights regions of high density of states as can 
be seen by matching the spots in Fig. lc, e.g., with the 
arrows spanning the highest intensity areas in Fig. la. 
We also see that the characteristic q- vectors disperse as 
a function of the binding energy uo. This dispersion is 
shown in detail in Fig. le for the vectors q : and q 5 
along the bond direction, and in Fig. If for the vec- 
tors q 3 and q 7 along the zone diagonal. These auto- 
correlation spots always follow the end of the bananas 
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FIG. 1: Spectral intensities and their autocorrelations in the 
superconducting state (T = 40 K) for an optimally doped 
single crystal sample. Intensity at a binding energy of (a) 12 
meV and (b) 24 meV in the first zone, (c)-(d) Autocorrelation 
of the data in (a)-(b), with vectors in (c) indicating local 
maxima in the autocorrelation which correspond to equivalent 
vectors shown in (a). The gray scales in these plots are in 
arbitrary units, (e) Autocorrelation of the data as a function 
of binding energy along the (q, 0) direction. The lowest curve 
is at zero energy, with the binding energy increasing by 4 meV 
for each subsequent curve (the curves are displaced vertically 
for clarity), (f) Same as (e), but along the (q, q) direction. 
For both directions, strongly dispersing peaks are seen. 



at each uo. Remarkably, these q- vectors are in quantita- 
tive agreement with those obtained by the Davis grou 
0, H] , and therefore confirm that the "octet" model 
used to explain the FT-STS results does indeed describe 
the regions of highest density of states. It is surprising 
that FT-STS shows the same q- vectors, given that the 
formula used to theoretically model the FT-STS data, 
[7m^ k G(k+q,^)T(k+q,k,cj)G(k,cj)]ii (where G are 
Nambu Greens functions), which describes the scatter- 
ing of electrons from the state k to the state k+q by the 
scattering matrix T, is not mathematically equivalent to 
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the simple autocorrelation used in our analysis. 

We now turn to the much less understood pseudogap 
phase. In Fig. 2 we show data similar to that shown in 
Fig. 1, but now in the pseudogap phase at T = 90 K of 
a thin film sample with a T c = 76 K. The most signif- 
icant feature of the intensity plots in Figs. 2a and b is 
that the "Fermi arcs" 5] , the locus of gapless excitations 
in the pseudogap phase, do not significantly change with 
binding energy, in sharp contrast to the d-wave supercon- 
ducting bananas p| • This unexpected behavior is evident 
in a comparison of the arc lengths in the ARPES inten- 
sity maps in Figs. 2a, b. The autocorrelation of these data 
along the bond direction are shown in Fig. 2c and exhibit 
clearly identifiable peaks near q* = (0.47r/a,0). Further, 
as shown in Fig. 2c these autocorrelation peaks show very 
little dispersion, in marked contrast to the superconduct- 
ing state results of Fig. 1. This is the same wavevector 
observed by FT-STS [l[ in the pseudogap phase. 

We now use our intensity data to understand the ori- 
gin of the dispersionless autocorrelation peaks seen in the 
pseudogap phase. We find that these peaks are located at 
vectors connecting the ends of the Fermi arcs where 
there is a sudden onset of the pseudogap. This onset is 
sufficiently steep so the Fermi arcs have nearly constant 
length for all binding energies smaller than the pseudogap 
value. This gives rise to the dispersionless nature of the 
autocorrelation vectors. We arrive at this conclusion by 
truncating the intensity plots to include only the Fermi 
arcs, as shown for and 20 meV in Fig. 2d and e. We find 
that the autocorrelation of these data, shown in Fig. 2f, 
yields the same result as in Fig. 2c. Therefore, we con- 
clude that q* connects the ends of the Fermi arcs, rather 
than the parallel sections near the zone faces, whose faint 
traces can be seen in Fig. 2a and b. This observation 
also explains why if a q* spanning the shorter distance 
between arc tips is present, q**, spanning the longer dis- 
tance between arc tips along the bond direction, must 
also be present, as seen in our autocorrelation plot along 
the bond direction in Fig. 2c. The latter q** does not ap- 
pear in the data of Vershinin et all], but has been seen 
in later measurements (A. Yazdani, private communica- 
tion). We also find additional peaks along the diagonal 
direction, as shown in the autocorrelation surface plot 
in Fig. 3d. These originate from vectors analogous to q 3 
and q 4 in the superconducting state, which span the ends 
of the arcs along or near the diagonal directions. We have 
no explanation at present why these peaks are absent in 
the FT-STS data, though we note that in the supercon- 
ducting FT-STS data, the intensity of these peaks drops 
sharply with reduced doping 0] • 

While the octet models and variants have been pro- 
posed to explain the FT-STS observations in terms of 
scattering of electrons by impurities in the superconduct- 
ing state 0, 0, 00 > these models do not describe the 
pseudogap data On the other hand, an autocorrela- 
tion analysis of ARPES data does not require a model 
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FIG. 2: Fermi arcs in the pseudogap state and their autocor- 
relations. Spectral intensity in the top half of the first zone 
at (a) meV and (b) 20 meV for an underdoped thin film 
sample (T c — 76K) at T — 90 K. One can see that the length 
of the arcs remains unchanged over the energy scale of the 
pseudogap. (c) Autocorrelation as a function of binding en- 
ergy along the (q,0) direction. Note the dispersionless nature 
of the peaks labeled q* and q**. (d) Spectral intensity as in 
(a), but with regions beyond the Fermi arcs cut off from the 
data, (e) Spectral intensity as in (b), but with the data cut 
off as in (d). (f) Autocorrelation of the data but with data 
beyond the Fermi arcs cut off, as shown for two energies in 
(d) and (e). Note that the results are unchanged from (c) for 
the q* and q** peaks, indicating that the peaks in the auto- 
correlation originate from the ends of the arcs, and not from 
the pseudogapped sections of the Fermi surface. 



for its interpretation, which leads us to our most signifi- 
cant finding: all features - in both the superconducting 
and pseudogap cases - have a common origin. They are 
associated with the k-dependent high density of states, 
either at the ends of the constant energy contours in the 
superconducting state (the "bananas" ) , as first suggested 
by Hoffman et al.2], or at the tips of the Fermi arcs in 
the pseudogap phase, as we show here. This is in spite 
of the dramatic differences between the autocorrelation 
maps in the superconducting state, shown in Fig. 3b and 
in the pseudogap phase, shown in Fig. 3d. 

Comparing our findings to those of FT-STS is useful, in 
that it directly addresses the question of charge ordering. 
In principle, collective effects can appear in the FT-STS 
maps But in ARPES, these effects would show 



up as so-called "shadow" bands, that is, images of the 
"bananas" or "arcs" translated by the presumed ordering 
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FIG. 3: Comparison of the resulting autocorrelations of sim- 
ilar intensity maps in the superconducting and pseudogap 
phases of a single crystal sample (T c = 90 K). (a) Intensity 
map in the superconducting state at T = 40 K at 18 meV. 

(b) Surface plot of the autocorrelation function from (a), (c) 
Comparison of an equal length Fermi arc in the pseudogap 
state (T = 140 K) at 12 meV to the superconducting banana 
in (a) obtained from the same sample. The dashed lines in 

(c) represent the arcs displaced by the wavevector q* identi- 
fied in Fig. 2a, which are not present in the intensity maps, 
but would be if q* was due to charge ordering, (d) Surface 
plot of the autocorrelation function from (c). Note the signif- 
icant differences between the two autocorrelation maps, (b) 
and (d), despite the similarities of the intensity maps, (a) and 
(c). 



wavevector (the q* of Fig. 2c), as indicated by the dashed 
curves in Fig. 3c. But clearly, we find no evidence for 
these shadows in Fig. 3c at the wave vectors in question 
in the FT-STS and ARPES autocorrelation maps. The 
difference between our conclusions and those of Ref. 
is the result of their assumption that the Fermi arc length 
increases with energy, which it does not in the actual 
ARPES data. 

In summary, while the dispersionless q* spots in the 



pseudogap phase have previously been interpreted as evi- 
dence for charge ordering Q, , we show that this disper- 
sionless behavior is simply a joint density of states effect. 
The joint spectral density has peaks at q- vectors which 
connect points of large density of states, namely at the 
ends of the constant energy contours ( "bananas" ) in the 
superconducting state, and at the tips of the Fermi arcs in 
the pseudogap state. The ARPES autocorrelation peaks 
are in quantitative agreement with the FT-STS results 
both above and below T c . The peaks are dispersionless 
in the pseudogap phase because the length of the Fermi 
arc itself changes very little with binding energy. There- 
fore we argue that the peaks in the FT-STS data must 
also arise from density of states effects, and not charge or- 
dering. It is an interesting open question whether or not 
the low temperature FT-STS data on highly underdoped 
samples of a different material, Ca2-^Na x Cu02Cl2 fl3q . 
can also be understood within this picture. 
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